With the tamoxifen-inducible CreER T2 system, genetic recombination can be temporally controlled in a cell-type-specific manner in intact animals, permitting dissection of the molecular underpinnings of mammalian physiology. Here we present a significant drawback to CreER T2 technology for analysis of intestinal stem cells. Using the intestine-specific Villin-CreER T2 mouse strain, we observed delayed intestinal regeneration post irradiation. Villin-CreER T2 activation was associated with DNA damage and cryptic loxP site cleavage. Analysis of stem cell-specific CreER T2 strains showed that the genome toxicity impairs function of crypt base columnar stem cells, resulting in loss of organoid initiating activity. Importantly, the stem cell impairment is short-lived, with return to normal by 7 days post tamoxifen treatment. Our findings demonstrate that mouse genetic experiments that utilize CreER T2 should consider the confounding effects of enhanced stem cell sensitivity to genome toxicity resulting from CreER T2 activation.
INTRODUCTION
The Cre-loxP system is a powerful genome-editing tool that revolutionized in vivo genetic studies. The site-specific Cre recombinase catalyzes recombination between two 34-bp loxP DNA recognition sites to induce deletion or activation of target transgenes (Bouabe and Okkenhaug, 2013) . The adaptation of this system from its bacteriophage origin requires that Cre and loxP be engineered into the mouse genome. Since the mouse genome does not contain loxP sites, recombination is designed to be specific to the engineered target construct.
One advance to the Cre-loxP system was the development of inducible Cre by fusion with a mutated ligandbinding domain of the estrogen receptor (Metzger et al., 1995) . The CreER recombinases (e.g., CreER T2 )
are activated by the estrogen receptor antagonist tamoxifen (TX), which allows temporal control of target gene rearrangement. In the absence of TX, CreER is cytoplasmic. TX binding induces CreER transfer into the nucleus to catalyze recombination between loxP sites. The recombined allele is a permanent genetic change. Thus, this system has been a powerful tool to study adult stem cell function. In particular, there are numerous CreER mouse strains used to study intestinal stem cells (ISCs), including Villin-CreER T2 (el Marjou et al., 2004) , which is expressed throughout the intestinal epithelium, including stem and progenitor cells, and ISC-specific Olfm4-CreER T2 (Schuijers et al., 2014) and Lgr5-CreER T2 (Barker et al., 2007) . Off-target recombination has been observed at cryptic loxP (cloxP) sites, which have DNA sequence similarity to loxP (Thyagarajan et al., 2000) . The consequences of illegitimate Cre recombination vary from cellular toxicity to overt developmental and pathological defects. Cre expression in developing spermatids led to male sterility due to genomic rearrangements (Schmidt et al., 2000) , and widespread developmental defects occurred after TX activation of CreER T2 during embryonic development (Naiche and Papaioannou, 2007) . CreER T2 genotoxicity in proliferating adult tissues has also been described, with TX-activated CreER T2 causing epithelial atrophy and metaplasia in stomach (Huh et al., 2010) , and chromosomal rearrangements in immature hematopoietic cells (Higashi et al., 2009 (legend continued on next page)
RESULTS

Impaired Intestinal Regeneration in Villin-CreER
T2
Mice
We tested the effect of Villin-CreER T2 on ISC function after treatment with TX (100 mg/kg) or vehicle (VEH). Histological analysis did not reveal any gross intestinal changes induced by TX treatment; tissue architecture and cellular proliferation did not differ from controls ( Figure S1 ). However, marked differences were observed between TX-and VEH-treated Villin-CreER T2 mice after challenge with 12 Gy irradiation (Figure 1 ). TX-treated mice had a more pronounced post-irradiation weight loss compared with controls ( Figure 1A ), and histological analysis showed more extensive intestinal damage ( Figures 1B-1O ). Three days post irradiation (DPI), the intestines of VEH-treated mice began to recover with a typical regenerative response, characterized by expanded crypts and increased proliferation ( Figures 1B and 1E ). In contrast, TX-treated mice had extensive decellularized crypts and very few, small crypt structures ( Figure 1C ). We also observed decreased proliferation and fewer regenerating crypts in the TX group ( Figures 1G and 1H ). At 5 DPI, the villi of TX-treated Villin-CreER T2 mice were blunted, consistent with impaired regeneration at 3 DPI ( Figures 1I-1K ). However, crypts at this time point were undergoing robust regeneration, similar to control ( Figures 1L-1O Figure 1P ). While crypts isolated from VEHtreated mice grew into typical spheroids by 3 days in culture, crypts isolated from TX-treated Villin-CreER T2 mice exhibited very poor organoid growth (Figures 1Q and 1R) . Quantification showed that 25-fold fewer organoids grew in cultures initiated from TX-treated mice than VEH-treated mice ( Figure 1S ). The extreme loss of organoid-forming activity in TX-activated Villin-CreER T2 mice suggests impaired ISC function.
Impaired ISC Function Is Not due to TX Toxicity
We tested whether the delayed regenerative response to irradiation and the impaired organoid-forming efficiency were due to TX toxicity, which has been observed in other studies (Huh et al., 2012; Zhu et al., 2013) . Irradiated, nontransgenic C57BL/6 mice treated with TX or VEH had similar changes to body weight and intestinal histology, including villus height, proliferation rate, and crypt regeneration ( Figures S2A-S2H ). Further, TUNEL staining and organoid-forming efficiency did not differ between the two groups ( Figures S2I-S2K ). These data showed that toxicity caused by TX treatment of Villin-CreER T2 mice was not a direct effect of TX. Next, we determined whether the TX effect on Cre recombinase was independent of CreER-mediated nuclear translocation. We treated Villin-Cre mice, which exhibit constitutive Cre expression in intestinal epithelial cells (Madison et al., 2002) , with TX or VEH, followed by 12 Gy irradiation. In contrast to the response in Villin-CreER T2 mice, we saw no heightened sensitivity to irradiation in TX-treated Villin-Cre mice ( Figures S2L-S2S ). Further, there was no change in TUNEL staining or organoid-forming efficiency ( Figures S2T-S2V ). Notably, these transgenic strains express similar amounts of Cre protein, so the toxicity is not due to higher levels of Cre recombinase expression in VillinCreER T2 mice ( Figure S2W ). Together these results support the conclusion that TX activation of Villin-CreER T2 mediates impaired intestinal regeneration and organoid formation, and not TX toxicity, or interactions between TX and constitutively active Cre recombinase.
Impaired Organoid Formation after CreER
T2
Activation in ISCs Heightened sensitivity to radiation and impaired organoidforming capacity of Villin-CreER T2 mice after TX treatment suggested that CreER activation induced stem cell damage. We tested ISC-specific CreER T2 mouse strains that target crypt base columnar (CBC) ISCs, including Olfm4-CreER
and Lgr5-CreER
. Similar to our findings with Villin-CreER T2 (P) Schematic of organoid formation assay to test stem cell activity in non-irradiated Villin-CreER T2 mice. Duodenal crypts were isolated from TX-or VEH-treated mice and plated in Matrigel to form organoids. (Q and R) Bright-field images of organoids 3 days post establishment from crypts isolated from (Q) VEH-treated or (R) TX-treated VillinCreER T2 mice. (S) Organoid-forming efficiency was determined by counting organoid number and presented as percent of the number plated (n = 3 mice/group with three technical replicates per mouse). Quantitative data are presented as means ± SEM (*p < 0.05, **p < 0.01, # p < 0.0001 TX versus VEH by Student's t test). Scale bars, 100 mm (duodenum) and 250 mm (organoids (Takeda et al., 2011) . The expression of this Cre driver is limited to very (legend continued on next page) few cells in the crypt, which can participate in crypt regeneration after g-irradiation (Li et al., 2016) . In contrast to toxicity observed after TX activation of CreER T2 in CBCs, the response to radiation, and organoid-forming ability were unchanged in HopX-CreER T2 mice ( Figures 2C, 2F , 2I, 2L, 2O, and S3G-S3I).
CreER T2 Activates DNA Cleavage at cloxP Sites
We next considered the mechanism by which CreER T2 activation leads to impaired ISC function. We posited that TXmediated CreER T2 nuclear translocation induces DNA cleavage. To test this, we performed western blotting for g-H2AX, which marks DNA DSBs (Kuo and Yang, 2008) and observed a 3-fold increase in the crypts of TX-treated Villin-CreER T2 mice compared with controls ( Figures 3A and 3B). Analysis of C57BL/6 mice showed no differences in g-H2AX levels between TX-and VEH-treated mice, again demonstrating that the effect is due to activation of CreER T2 and not to TX toxicity ( Figures 3D and 3E ). We also saw increased g-H2AX staining in cells at the crypt base ( Figure 3G ). In agreement, TUNEL staining mirrored the g-H2AX results, demonstrating increased DNA damage ( Figure 3I ). To determine whether TX-treated Villin-CreER T2 mice exhibited DNA damage-induced programmed cell death, we immunoblotted for the apoptotic marker cleaved caspase-3 and found levels to be unchanged in both TXtreated Villin-CreER T2 and C57BL/6 mice ( Figures 3A, 3C , 3D, and 3F). We also confirmed these results by quantifying the number of cleaved caspase-3-positive cells per crypt in tissue sections, showing that induction of DSBs did not induce apoptosis ( Figure 3H ). The findings suggest that Villin-CreER T2 activation results in increased DNA cleavage without inducing apoptosis. This agrees with our results showing no obvious histological changes to the duodenum following TX activation under basal conditions (Figures S1A-S1E). We tested whether activated CreER T2 might induce DNA damage by inappropriately targeting regions in the mouse genome with sequence similarity to loxP. We designed realtime qPCR primers around the locus of a cloxP site (accession number AF033025) previously reported to serve as an active site for Cre recombinase (Thyagarajan et al., 2000) . We assessed the integrity of this genomic region following CreER T2 activation by comparing amplification from crypt cell DNA isolated from TX-and VEH-treated Villin-CreER T2 mice ( Figure 3J ). Real-time qPCR analysis revealed that TX-treated duodenal Villin-CreER T2 crypt DNA had reduced amplification of this genomic region compared with VEH-treated controls, indicating reduced concentration of this cloxP site in the genome ( Figure 3K ). These results demonstrate that TX-mediated translocation of CreER T2 to the nucleus is associated with illegitimate DNA cleavage at a cloxP site.
Resolution of CreER T2 -Induced ISC Genotoxicity
Understanding the value of the inducible Villin-CreER T2 mouse strain for genetic analysis of mammalian ISC function, we investigated three methods to minimize ISC toxicity. The first, termed ''delayed,'' involved postponing intestinal challenge for 1 week after the final TX injection ( Figures 4A-4J ). Analysis of body weight after irradiation showed similar profiles in TX-and VEH-treated mice (Figure 4A) . Analysis of intestinal regeneration at 3 and 5 DPI revealed no changes to intestinal histology, including cellular proliferation, crypt regeneration, and villus height ( Figures 4B-4J ).
Further evidence in support of a delay resolving the VillinCreER T2 genotoxicity was shown by normal levels of g-H2AX and cleaved caspase-3 in the duodenal crypts of Villin-CreER T2 mice isolated 7 days following the final TX or VEH injection ( Figures 4K-4M) . Similarly, crypt DNA isolated from TX-treated Villin-CreER T2 mice 7 days following the final injection had normal cloxP amplification (Figure 4N) . Further, TUNEL labeling was similar between VEH-and TX-treated Villin-CreER T2 animals with delay (Figure 4O) . Finally, duodenal crypts isolated 7 days following treatment showed normal organoid-forming efficiency ( Figure 4P ). Similar findings were observed for the CBCspecific Olfm4-CreER T2 mouse (Figures S4E-S4H ; compare Figure S4D with Figure 2M ). We investigated two additional methods of administering TX: daily administration of a lower TX dose (50 mg/kg) over 5 days (5 3 50; Figures 4Q and 4R) , and administration of a single 100-mg/kg dose of TX (1 3 100; Figures 4S and 4T) , with tissue harvest 1 day later. The results revealed a modest increase in DSBs, as observed by TUNEL staining, in the 5 3 50 experimental paradigm ( Figure 4Q ) together with a significant decrease in organoid-forming efficiency ( Figure 4R ). In contrast, we did not observe TX-mediated CreER T2 toxicity in the 1 3 100 experiment ( Figures 4S and 4T ). Thus, we have shown that genotoxicity is dose and time dependent, and identified two methods that minimize damage by reducing the TX dose (1 3 100) or building in a delay after TX treatment.
(J) Known loxP sequence compared with the reported cloxP AF033025 site (GenBank). Schematic of the qPCR assay designed to measure the amount of intact cloxP genomic DNA. (K) qPCR results from cloxP assay normalized to Gapdh (n = 3-6 mice/group; *p < 0.05, by Student's t test). Scale bars, 50 mm. See also Figure S4 . Figure 4 . Villin-CreER T2 Toxicity Is Mitigated by Delay and Reduced TX Dose (A) Body weight data from Villin-CreER T2 mice treated with VEH or TX daily for 5 days, followed by g-irradiation after a 7-day delay (n = 3-4 mice/group).
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DISCUSSION
Our study shows that intestine-specific CreER T2 drivers promote illegitimate DNA cleavage events at cloxP sites and markedly diminish CBC ISC function. TX activation of the widely used Villin-CreER T2 resulted in delayed crypt regeneration after epithelial cell damage induced by g-irradiation. The intestine normally has a remarkable regenerative capacity, with ISC replacement and crypt repair completed within a week after almost complete elimination of the proliferating crypt compartment with 12 Gy whole-body g-irradiation (Kim et al., 2017) . TX-treated Villin-CreER T2 mice exhibited enhanced weight loss and a delay in crypt regeneration after irradiation, in comparison with VEH-treated Villin-CreER T2 controls. The regenerative defect suggested a mechanism of ISC toxicity, which was confirmed by loss of organoid-forming activity in TXtreated CreER T2 mouse strains. Impaired organoid formation was observed in Villin-CreER T2 mice, a strain with broad CreER T2 expression in all intestinal epithelial cells, as well as two strains with expression limited to CBC ISCs, Olfm4-CreER T2 and Lgr5-CreER T2 . These CreER T2 driver strains have been extensively used for studies of ISC function, including analysis of mechanisms regulating crypt regeneration after irradiation injury, and ISC activity by measurement of organoid-forming potential. While we observed changes to both crypt regeneration and organoid-forming efficiency in TX-treated VillinCreER T2 mice, we were surprised that TX-treated Olfm4-CreER T2 and Lgr5-CreER T2 mice had impaired organoidforming efficiency but normal regenerative responses. Administration of g-irradiation doses above 10 Gy has been shown to induce loss of CBC ISCs through apoptosis (Potten, 2004; Wang et al., 2015) . Normal regeneration in Olfm4-CreER T2 and Lgr5-CreER T2 mice suggests that the effect observed in Villin-CreER T2 animals may not be solely caused by CreER T2 activation in CBCs. Rather, the delayed regenerative response could be a result of CreER T2 -induced damage to FSCs, which are mobilized to repair the crypts following CBC loss (Roche et al., 2015; Takeda et al., 2011; Tian et al., 2011; Yan et al., 2012) . FSCs are also thought to contribute to organoid formation. This led to our analysis of the HopX-CreER T2 mouse strain, which activates CreER T2 in a small subset of FSCs (Takeda et al., 2011 commonly used, with hundreds of published studies employing these Cre drivers to manipulate genes for analysis of intestinal development, physiology, and pathophysiology. In particular, these strains have been important to study ISC function. The genotoxicity and ISC defects uncovered in our study are a serious consideration for studies that employ these, or other Cre drivers, expressed in the intestinal crypt. Mouse studies using Cre recombinase have become a mainstay for analysis of gene function in vivo. It is commonly assumed that Cre activation per se does not induce adverse events. However, Cre-mediated cellular toxicity resulting from illegitimate DNA cleavage at cloxP sites has been previously observed in cultured cells and mouse tissues (Loonstra et al., 2001; Schmidt et al., 2000; Silver and Livingston, 2001; Thyagarajan et al., 2000) . Cre-mediated genotoxicity appears to be dosage dependent, and proliferating cells seemingly exhibit enhanced sensitivity (Higashi et al., 2009; Loonstra et al., 2001; Naiche and Papaioannou, 2007; Schmidt et al., 2000) , which would predict that proliferating stem and progenitor cells would be particularly sensitive to Cre-mediated toxicity. However, few studies have examined adult stem cell toxicity after CreER T2 activation in vivo. Our finding of CreER
T2
-induced ISC toxicity would prompt stem cell biologists studying other adult stem cell populations to be cautious when activating CreER T2 alleles. Careful experimental design must include the proper controls to rule out (B-J) EdU-stained duodenal tissue sections (B, C, F, and G) at 3DPI (B and C) and 5 DPI (F and G). (D and H) Proliferation, (E and I) regenerating crypts, and (J) villus height were quantified. (K) Western blot analysis probing for g-H2AX, CC3, and GAPDH, using duodenal crypt lysates from Villin-CreER T2 mice 7 days post treatment. (L and M) g-H2AX (L) and CC3 (M) band signals were quantified and are displayed as means ± SEM (n = 3 mice/group). (N-T) qPCR gene amplification of cloxP normalized to Gapdh (N) (n = 6 mice/group). TUNEL staining of duodenum of non-irradiated (O) ''delayed'' VEH-or TX-treated Villin-CreER T2 mice, (Q) Villin-CreER T2 mice administered five daily doses of 50 mg/kg TX and analyzed 1 day later (5 3 50), and (S) Villin-CreER T2 mice administered a single dose of 100 mg/kg TX and analyzed 1 day later (1 3 100). Organoidforming efficiency was also determined for (P) delayed, (R) 5 3 50, and (T) 1 3 100 VEH-and TX-treated Villin-CreER T2 mice (n = 3-9 mice/group with three technical replicates per mouse. *p < 0.05 by Student's t test). Scale bars, 100 mm. See also Figure S4 .
Cre-mediated genotoxicity as a potential cause of stem cell phenotypes induced in studies using CreER mouse strains.
EXPERIMENTAL PROCEDURES
A detailed description of all methods is included in Supplemental Information.
Animal Treatment
Mouse use was approved by the Institutional Animal Care & Use Committee at the University of Michigan. To activate CreER T2 -mediated recombination, mice were injected intraperitoneally with TX (50 or 100 mg/kg; 10 mg/mL in 5% ethanol and 95% corn oil; Sigma) or VEH (5% ethanol, 95% corn oil) once per day for 1 or 5 days, and tissue was collected as indicated. To induce intestinal injury, mice were exposed to one dose of 12 Gy wholebody irradiation from a 137 Cs source. Animals were injected intraperitoneally with 5-ethynyl-2 0 -deoxyuridine (EdU) (25 mg/kg; Life Technologies) 2 hr prior to tissue collection.
Immunohistochemistry
Duodenal paraffin sections (5 mm) were stained with H&E to analyze intestinal morphology. Villus height was determined by measuring from the tip of intact villi to the top shoulder of adjacent crypts using ImageJ software (1.52a; Wayne Rasband, NIH). The number of EdU-positive cells was counted from well-oriented crypts, identified from images obtained from adjacent H&E-stained sections. Regeneration was assessed using the adapted crypt microcolony survival assay method (Cohn et al., 1997) . Regenerating crypts were measured as the number of well-oriented crypts with four or more EdU-positive cells divided by the total number of well-oriented crypts.
Gene Integrity Analysis
For quantification of cloxP amplification, DNA from duodenal crypts was extracted using the Easy-DNA kit (Invitrogen, K1800-01). qPCR assays for cloxP were run in triplicate, and normalized to Gapdh as an internal control. 
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